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IS.  abstract 


A  new  family  of  airfoils  based  largely  on  the  utilization  of  the  jet 
flap  principle  and  termed  Power  Profiles  was  conceived  by 
Mr.  A.  M.  O.  Smith  of  the  Douglas  Aircraft  Company  in  1970.  In 
this  report  several  unique  features  associated  with  this  new  concept, 
and  the  applicability  of  existing  experimental  data  and  theoretical 
methods  to  its  evaluation,  design  and  development  are  described. 
This  technology  is  used  to  develop  a  configuration  suitable  for  wind 
tunnel  testing,  and  the  report  concludes  with  a  discussion  of  those 
outstanding  aerodynamic  problems  for  which  analytical  and 
experimental  research  is  required. 
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A  NEW  FAMILY  OF  AIRFOILS 


BASED  ON  THE  JET-FLAP  PRINCIPLE 


1.  INTRODUCTION 

The  term  Power  Profile  was  first  used  by  Mr.  A.  M.  O.  Smith  of  the 
Douglas  Aircraft  Company  to  denote  an  airfoil  type  which  requires  the 
use  of  power  under  all  flight  conditions  to  avoid  separation.  Thus,  it 
contrasts  with  ordinary  airfoils,  which  use  streamlining  to  avoid  separa¬ 
tion.  The  original  use  of  the  term  referred  to  power  applied  by  suction 
over  a  portion  of  the  airfoil  as  well  as  blowing.  However,  as  the  investi¬ 
gation  proceeded,  the  term  was  limited  to  airfoils  with  blowing  onh  .  The 
term  is  used  in  this  same  sense  for  the  work  reported  here. 

For  a  typical  Power  Profile  shape,  as  originally  conceived  by  Mr. 
Smith  and  as  illustrated  in  Figure  la,  the  power  is  applied  by  two  wall 
jets  emanating  from  the  two  slots  near  the  profile  trailing  edge?  Bncause 
of  the  Coanda  effect,  the  jets  follow  the  rear  surface  to  a  stagnation  point 
before  merging  into  a  single  jet  stream  and  leaving  the  profile.  The  two 
slots  are  located  upstream  of  the  points  where  the  boundary  layers  on  the 
upper  and  lower  surface  would  otherwise  separate,  so  that  the  jet 
entrainment  may  be  used  to  avoid  separation. 

Review  of  Older  Forms  of  Powered  Airfoils.  Before  proceeding,  a 
brief  review  of  earlier  forms  of  jet  powered  airfoils  is  needed  for  com¬ 
parison  to  the  Power  Profile  concept. 

(a)  Circulation  Control.  The  idea  of  circulation  control  is  illus¬ 
trated  in  Figure  lb.  This  concept  utilizes  a  jet  to  energize  the  upper 
surface  boundary  layer  so  that  the  flow  separation  point  is  moved  around 
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the  trailing  edge  to  some  location  on  the  airfoil  lower  surface.  By  this 
means  the  rear  stagnation  point  also  is  moved  to  the  lower  surface  with 
a  large  increase  in  Cj_,,  the  section  lift  coefficient.  The  location  of  the 
rear  stagnation  point  and  hence  is  a  function  of  ,  a,  and  Re^.. 
Unfortunately  the  lack  of  suitable  analytical  methods  and  experimental 
data  prevents  the  prediction  of  Cl  as  a  function  of  these  parameters. 

(b)  The  Pure  Jet  Flap.  The  jet  flap  is  illustrated  in  Figure  Ic. 

This  is  a  conventional  airfoil  with  a  slot  at  the  trailing  edge  so  that  a  jet 
of  air  may  be  blown  outward.  The  jet  supplies  a  portion  of  the  airfoil 
lift  directly  from  the  downward  component  of  the  jet  momentum.  The 
remainder  of  the  jet  flap  lift  comes  from  the  interaction  of  the  jet 
stream  and  the  flow  about  the  airfoil;  this  lilt  appears  as  a  change  in  the 
airfoil  pressure  distribution. 

(c)  Circulation  Control  and  Jet  Flap  Effects  Combined.  A  configu¬ 

ration  like  that  of  Figure  lb  may  be  operated  as  a  circulation-controlled 
airfoil  so  long  as  the  jet  blowing  coefficient  does  not  exceed  some 
critical  value  .  When  C^  exceeds  the  jet  will  leave  the  airfoil 

rear  stagnation  region  with  a  total  f.rensure  greater  than  the  (ree-stream 
total  pressure.  In  this  case  a  definite  jet  stream  will  exist  akin  to  that  of 
the  pure  jet  flap.  As  a  result,  lift  is  generated  by  jet  flap  action  as  well 
as  by  the  jet  control  of  the  rear  stagnation  point.  On  the  other  h'nd,  a 
configuration  like  Figure  Ic  cannot  be  used  in  a  circulation  control  mode 
because  the  jet  blowing  slot  is  ;.ot  arranged  to  effect  any  significant  change 
in  stagnation  point  location. 

(d)  Airfoil  and  Flap  With  Jet  Boundary  Layer  Control.  Figure  Id 
shows  a  conventional  airfoil  and  flap  with  jet  boundary  layer  control.  The 
jet  energizes  the  air  over  the  top  surface  of  the  flap  so  that  separation  can 
be  avoided.  The  rear  stagnation  point  is  attached  to  the  flap  trailing  edge 
and  therefore  moves  with  the  flap  deflection.  Circulation  control  on  this 
airfoil  may  be  effected  by  moving  the  flap  and  hence  the  rear  stagnation 
point. 
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(e)  Early  French  Jet  Flap.  Figure  le  shows  a  configuration  with 
two  jets  blowing  over  the  control  surface.  As  in  Figure  Id,  the  jet  flap 
effect  is  controlled  by  the  strength  of  the  jet  blowing,  and  the  rear 
stagnation  point  is  changed  by  the  control  surface  deflection. 

History  of  the  Application  of  Powered  Airfoils.  Many  attempts 
have  been  made  to  utilize  circulation-control  and  jet-flap  systems  on 
various  research  aircraft.  Some  of  these  are  illustrated  in  References 
1  and  2,  but  to  the  writer's  knowledge  such  features  have  appeared  only 
on  a  few  military  aircraft.  The  reasons  for  this  appear  to  be  tied  to  the 
problems  of  ducting  air  from  an  engine  to  the  jet  system,  the  added  com¬ 
plexity  of  such  a  system,  and  the  aircraft  weight  penalty  associated  with 
such  systems.  To  overcome  these  problems,  it  is  necessary  to  design 
the  system  into  the  aircraft  from  the  very  beginning.  This  requires  a 
serious  study  of  all  the  complex  factors  in  the  design  process,  and 
designers  are  not  prone  to  accept  novel  ideas.  Therefore,  few  such 
aircraft  have  been  built.  It  is  hoped  that  this  situation  can  be  corrected 
by  utilizing  the  advantages  of  the  Power  Profile  concept. 

Advantages  of  Using  the  Power  Profile  Concept.  The  Power  Profile 
concept  has  been  developed  around  a  number  of  ideas  which  lead  to  a  num¬ 
ber  of  advantages  over  the  past  powered  airfoil  systems.  The  main  idea 
has  been  to  use  two  wall  jets  near  the  airfoil  trailing  edge  to  prevent 
separation.  By  arranging  the  jet  slots  as  shown  on  Figure  la,  the  jets 
converge  into  a  single  jet  at  the  rear  of  the  control  surface,  as  shown  in 
F.gure  2.  By  properly  locating  the  control  surface  center  of  rotation,  a 
small  rotation  of  the  control  surface  will  simultaneously  change  the  slot 
widths  t^  =  EF  and  t^  =  BC  shown  in  Figure  2.  Since  t|  grows  larger  as 
tu  grows  smaller,  one  jet  grows  stronger  and  the  other  weaker  as  the  con¬ 
trol  surface  is  deflected.  This  results  in  a  change  in  location  of  the  rear 
stagnation  point  D  and  hence  a  change  in  the  airfoil  Cl-  By  deflecting  the 
surface  fully  so  that  either  t/  or  t,j  is  zero,  all  the  air  will  ennanate  from 
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the  opposite  slot,  and  the  geometric  configuration  is  then  much  like 
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Figure  lb.  For  such  a  configuration  Williams  obtained  =  6.3  using 
a  jet  momentum  coefficient  C^  -  0.23.  Also,  for  Cfj  =  0.23  but  for  the 
control  surface  near  its  neutral  position  we  would  have  Cl  -  0.  That 
is,  large  changes  in  Cl  can  be  obtained  for  only  small  control  surface 
deflections.  This  feature  is  quite  attractive  for  control  purposes.  Since 
Cf/=  0.23  is  relatively  small,  C^  may  be  increased  so  that  we  also  may 
expect  Cl  values  greater  than  6.3. 

Baaed  on  these  ideas  and  a  careful  contouring  of  the  airfoil  shape 
one  finds  that  Power  Profiles  offer  the  following  advantages  over  conven¬ 
tional  airfoil  sections; 

( 1 )  A  better  integration  of  the  following  systems: 

(a)  Cruise  lift  system  with  uniform  chordwise  loading. 

(b)  Cruise  propulsion  system  with  low  drag. 

(c)  Control  system. 

(d)  High-lift  system. 

(e)  Engine-out  control  system. 

This  powered  airfoil  idea  avoids  separation,  resulting  in  low  drag  in 
cruise.  As  discussed  by  Stratford^’^,  the  "full  thrust"  should  be  realized, 
form  drag  should  be  removed,  and  aircraft  drag  reduction  is  crudely  esti¬ 
mated  to  be  at  least  five  percent.  The  elimination  of  separation  permits 
airfoil  shaping  to  produce  a  uniform  loading  along  the  airfoil  surface  for 
some  design  or  cruise  Cl*  Ori  the  other  hand,  high  C^  is  available  for 
takeoff  and  landing:  and  control  of  Cl  is  done  with  only  one  control  surface. 
The  air  supply  from  the  several  engines  may  be  ducted  together  so  that  in 
case  of  an  engine  failure  the  air  supply  to  all  controls  is  still  available 
from  the  remaining  engines.  In  addition,  the  thrust  from  the  remaining 
engines  will  be  distributed  more  evenly  than  is  possible  if  the  engines  are 
not  ducted  together. 
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(2)  A  Partial  Integration  of  the  Lift  and  Propulsion  Syatems.  Only 
a  part  of  the  propulsion  airflow  from  the  engines  should  be  needed  to 
power  the  airfoil;  by  careful  design  the  airflow  required  to  provide  high 
lift  capability,  to  avoid  separation,  etc.  ,  may  be  minimized.  This  means 
that  a  minimum  of  ducting  is  required  lo  carry  air  from  engine  nacelles 
to  the  wing  sections.  On  the  other  hand,  one  can  always  envision  a  fully 
integrated  system  wherein  all  engines  are  buried  inside  the  wing,  but  the 
size  of  engines  seems  to  preclude  ll  ea  at  present. 

(3)  l^ick.  Low  Weight  Airfoil  Sections.  Because  of  the  separation 
control  near  the  trailing  edge,  the  trailing  edge  regions  may  be  made 
much  thicker  than  for  conventional  airfoils  without  a  corresponding  increase 
in  airflow  velocity  around  the  airfoil.  This  gives  an  overall  increase  in 
airfoil  thickness  and  volume  which  provides  a  better  structure  and  might 
result  in  a  net  weight  reduction.  The  airfoils  that  are  worked  out  are  the 
thickest  possible  for  a  given  critical  Mach  number.  Hence  they  contain 
the  greatest  volume  and  so  offer  the  best  possible  solution  to  the  internal 
ducting  proble.n. 

(4)  Simple,  Low-Weight  Lift  and  Control  System.  A  further  weight 
reduction  stems  from  the  replacement  of  the  conventional,  rather  compli¬ 
cated  flap  and  aileron  systems  by  the  simple  control  surface  shown  in 
Figures  la  and  Z. 

(5)  Low  Control  Surface  Inertia.  Because  the  control  surface  need 
move  only  a  small  distance  for  large  changes  in  lift,  and  because  the  con¬ 
trol  surface  is  not  large,  the  effective  inertia  of  the  control  surface  is 
quite  small.  This  means  that  the  control  system  can  respond  very  quickly 
to  control  inputs.  Such  a  quality  is  useful  for  gust  alleviation.  Ride 
quality  is  a  critical  problem  on  STOL  aircraft^.  Good  use  of  the  control 
surface  might  be  found  in  active  control  system  applications  such  as  flutter 
prevention.  Also,  the  control  system  response  is  so  quick  that  it  is  not 
out  of  the  question  for  helicopter  applications.  The  system  is  as  fast  as 
any  other  jet  flap  system. 
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(6)  High  Lift  Capability. 

(7)  L.OW  Drag  in  Cruise. 

(8)  Better  Transonic  and  Buffeting  Characteristics.  Because  of 
separation  control  and  the  increased  airfoil  thickness  near  the  trailing 
edge,  the  maximum  air  velocity  over  a  Power  Profile  shape  should  be 
less  than  on  a  conventional  airfoil  of  the  same  maximum  thickness  and 
lift.  This  is  an  important  factor  for  increasing  the  critical  Mach  number 
and  consequently  reducing  transonic  buffeting  and  shock  losses,  if  ducting 
problems  are  solvable. 

(9)  Negative  Lift  and  Ground  Thrust  Reversal.  After  touchdown  the 
control  surface  may  be  deflected  upward  quickly  to  provide  large  nega¬ 
tive  values  of  lift.  Such  negative  lift  would  be  useful  after  landing  for 
improving  aircraft  braking  effectiveness  and  for  the  dr?g  associated  with 
such  lift.  Furthermore,  the  Coanda  effect  nnay  result  in  considerable 
thrust  reversal  action. 

(10)  Low  Noise  Characteristics.  With  regard  to  jet  noise,  Reference  7 
shows  that  the  jet  flap  system  similar  to  Figure  Id  is  significantly  quieter 
than  the  augmentor  wing  flap  or  the  even  louder  externally  blown  flap.  Part 
of  this  advantage  is  because  of  the  shielding  action  of  the  flap.  Reference  8 
reports  that  the  jet  noise  generally  decreases  with  increase  in  the  ratio  of 
actual  jet  cii  cumference  to  the  circumference  of  the  equivalent  round  jet  of 
the  same  cross-sectional  area.  Thus,  because  the  jet  flap  has  a  large 
circumference  to  area  ratio,  the  jet  flap  noise  generation  should  be 
importantly  less  than  an  equivalent  circular  jet. 

With  such  attractive  advantages  in  sight,  the  impact  of  the  Power 
Profile  concept  on  aircraft  design  could  be  quite  substantial.  Therefore, 
an  important  preliminary  step  is  to  substantiate  these  claims  bymeans  of 
both  theoretical  and  experimental  investigations.  The  first  part  of  this 
step  is  carried  out  here  in  the  form  of  a  theoretical  study  of  two-dimen¬ 
sional  PoWci'  Profile  characteristics. 
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2.  PRELIMINARY  DISCUSSION  OF  POWER  PROFILE  DESIGN 


Two  imporfant  requirements  for  this  design  are  the  capability  for 
operation  both  at  high-lift  and  at  cruise  conditions.  This  produces  a  con¬ 
flict  in  selecting  the  basic  airfoil  shape  so  as  to  avoid  adverse  pressure 
gradients.  To  resolve  this  conflict,  a  basic  airfoil  shape  is  selected  to 
avoid  adverse  gradients  at  cruise  or  low  Cl  configurations.  Although 
cruising  flight  may  be  done  transonically,  for  the  present  first  cut  sub¬ 
sonic  techniques  will  be  used  to  gain  experimence.  Then  the  cruising 
shape  used  at  high  Cl  and  the  resulting  adverse  gradients  are  accepted 
as  the  price  to  pay  for  a  desirable  pressure  distribution  at  cruise.  At 
high  Cl  I  is  much  higher  than  for  cruise  Cl»  and  the  flow  should  still 
be  unseparated. 


Design  for  High  Lift  Conditions 

3  9 

Both  Williams  and  Kind  and  Maull  have  discussed  the  adverse 
pressure  gradients  associated  with  thick,  powered  airfoils  under  high-lift 
conditions.  The  pressure  distributions  on  the  upper  surface  have  a 
"saddleback"  shape,  with  large  peaks  near  the  leading  and  trailing  edges 
(much  like  those  on  Figure  14).  The  recovery  from  the  aft  peak  may  be 
taken  care  of  by  the  wall  jet  at  that  location,  so  only  the  front  peak  is  of 
concern.  For  such  a  gradient,  Stratford's  criterion^*^  for  turbulent 
boundary  layers  indicates  no  separation,  at  least  up  to  Cl's  of  order 
of  6.0.  At  low  Reynolds  numbers  a  laminar  bubble  may  form  and  burst, 
cau.-ing  trouble,  but  this  should  be  no  trouble  at  flight  Reynolds  numbers 
where  the  boundary  layer  almost  surely  is  turbulent. 


3 

Williams  reports  a 
equal  to  0.23.  Here 


Cl 

^max 


of  6.3  at  a  value  of  blowing  coefficient 


C 


QjUJoo 

^oo^ 


(1) 


where  Qj  is  the  jet  mass-flow  rate,  Uj^  is  the  velocity  that  the  jet  would 
attain  if  expanded  isentropically  to  the  free-stream  pressure,  is  the 
free-stream  dynamic  pressure,  and  c  is  the  airfoil  chord. 
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The  essential  ccntrol  and  high  lift  features  of  the  Power  Profile  have 
been  illustrated  by  Werle'  ,  who  shows  flow  visualization  results  obtained 
in  a  water  channel,  using  the  shape  illustrated  in  Figure  3.  Although  Werle 
varied  the  momenta  of  the  Iwo  jets  by  varying  the  plenum  pressure  of  the 
two  jets  independently  rather  than  by  varying  t|  and  t^,  his  results  show  the 
Coanda  effect  and  the  change  in  rear  stagnation  point  location  with  change 
in  jet  momenta.  These  results  also  show  the  expected  changes  in  direction 
of  the  merged  jet  downstream  of  the  stagnation  point.  Unfortunately,  Werle 
does  not  report  on  the  lift  coefficient,  which  probably  was  not  measured. 

From  these  experimental  results  one  expects  that  powered  airfoils 
having  a  thickness /chord  ratio  of  0.20  or  more  and  moderate  camber  should 
be  capable  of  Cl's  of  6.0  for  01  =  0  degrees  and  for  w  0.23.  For  such 
a  thickness/chord  ratio  and  moderate  camber  we  now  may  inquire  as  to  the 
shapes  of  interest  for  low  Cl  or  cruise  conditions. 

Design  for  Cruise  Conditions 

This  problem  may  be  idealized  by  first  assuming  the  flow  to  be  inviscid 
so  that  no  boundary  layer  would  develop  and  no  separation  would  occur  even 
without  the  use  of  the  trailing  edge  jets.  Then  we  should  pick  a  profile  shape 
such  that  for  a  given  thickness  we  have  surface  velocities  which  are  as 
small  and  as  uniform  as  possible.  The  reason  for  wanting  these  small 
velocities  is  to  minimize  drag  or  to  delay  drag  rise  in  the  real  application 
of  the  profile  shape,  where  skin  friction  and  high  speeds  are  important.  If 
flight  is  pushed  well  into  the  transonic  region  it  may  prove  better  to  have  a 
different  pressure  distribution,  just  as  Whitcomb  does.  If  so,  that  too  can 
be  designed  into  these  shapes. 

This  requirement  is  illuminated  by  considering  free -streamline  shapes, 
examples  of  which  are  given  in  Figures  4  and  5.  Free -s treamline  shapes 
have  the  remarkable  property  that  the  surface  velocity  is  constant  every¬ 
where  except  for  small  regions  near  the  stagnation  points.  A  long  time  ago 
(Keference  12)  the  Douglas  Aircraft  Company  worked  out  a  very  complete 
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set  of  solutions  for  incompressible  flow;  two  of  these  are  shown  by 

Figures  4  and  5.  Both  of  these  shapes  have  free-streamline  upper  and 

lower  surfaces  with  the  ratio  of  maximum  velocity  to  free- 

max  oo  ’ 

stream  velocity,  equal  to  \/l.50.  These  free  streamlines  run  between 
the  short,  straight  lines  at  the  leading  and  trailing  edges.  In  Figure  4 
the  straight  lines  are  at  a  45°  wedge  angle  to  the  chord  line;  in  Figure  5 
this  angle  was  chosen  as  90°. 

The  value  of  this  free-streamline  analysis  may  be  demonstrated  by 
Figure  6,  which  compares  a  free -streamline  shape  with  a  conventional 
airfoil.  The  free -streamline  shape  is  formed  by  two  75°  half-angle 
wedges  connected  by  two  free  streamlines  chosen  so  that  (U_.  /U„)^  " 
1.300,  and  hence  the  pressure  coefficient,  Cp  ,  is  -0.300.  A  comparable 
airfoil  is  the  NACA  65-012  because  its  thickness  is  sufficient  to  make 
^^^ax^^xj)  "  1.357,  or  somewhat  larger  than  the  free -streamline  shape 

(Reference  13).  Hence,  the  thicker,  free-streamline  shape  has  a  smaller 
^nax'^^x*  airfoil.  The  reason  for  this  is  clear;  because  the 

free-streamline  shape  has  a  constant  Urnax^^oo  °'^®^  most  of  its  length, 
whereas  the  airfoil  has  a  more  peaked  U/U^p,  the  average  thickness  of 
the  free -streamline  shape  is  larger  than  on  the  airfoil.  This  is  related 
to  the  fact  that  the  airfoil  streamlining  requirement  forces  the  airfoil  to 
be  thin  near  the  trailing  edge,  whereas  the  free -streamline  shape  is  thick 
near  the  trailing  edge.  Because  an  airfoil  is  so  thin  near  the  trailing 
edge,  the  gains  in  cross-sectional  area  are  even  greater  than  the  gains 
in  thickness. 

The  above  discussion  is  based  on  U/Uqq  calculations  for  inviscid, 
incompressible  flow.  In  real  life  the  shapes  will  develop  boundary 
layers  which  modify  the  results;  the  chief  change  will  be  the  necessity 
for  jet  power  to  be  applied  to  the  free-streamline  shape  to  avoid 
separation. 

Other  free -streamline  shapes,  ellipses,  and  airfoils  are  compared 
in  Figure  7.  This  figure  shows  clearly  that  the  free-streamline 
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shapes  and  the  ellipses  have  a  much  larger  thickness  than  the  NACA 
airfoils  for  a  given  value  of  superstrearn  velocity.  For  example,  for 

=1.5  the  NACA  66  series  airfoil  is  17.1  percent  thick  whereas 
the  90°  free-streamline  shape  has  a  thickness  ratio  of  24.9  percent,  which 
is  46  percent  larger.  In  Figure  8  the  same  sections  are  compared  on  the 
basis  of  mean  airfoil  thickness  rather  than  maximum  thickness  as  in 
Figure  7.  On  the  basis  of  mean  thickness  the  free -streamline  shapes  are 
even  more  outstanding:  for  (U,^ax^Hx>^^  ~  free -streamline 

shape  is  82  percent  thicker  than  the  NACA  66  series  airfoil.  Mean  thick¬ 
ness  is  a  convenient  measure  of  the  internal  area,  which  is  important  to 
any  ducting  problem. 

These  examples  were  calculated  for  incompressible  flow,  but  the  same 
general  ideas  apply  to  subsonic  and  transonic  flows.  For  transonic  flows 
it  is  obvious  that  the  free -streamline  idea  for  minimization  of  local  flow 
velocity  is  desirable.  Unfortunately,  a  method  is  not  currently  available 
to  carry  out  calculations  of  transonic  airfoil  shapes  which  have  free- 
streamline  surfaces. 

It  is  interesting  to  take  a  Whitcomb  type  of  airfoil,  as  shown  in  Figure 
9,  and  to  reshape  the  aft  end,  which  was  done  starting  at  the  58.5  percent 
chord  point  and  ending  with  the  new  trailing  edge  located  at  the  old  66.0 
percent  chord  line.  The  new  airfoil  has  the  same  general  shape  as  the  free 
streamline  shapes  of  Figures  4  or  6.  Thus,  the  Whitcomb  airfoil  has  been 
shortened  considerably  by  using  two  wall  jets  rather  than  streamlining  to 
pull  together  the  flow  over  the  upper  and  lower  surfaces,  thereby  avoiding 
flow  separation.  Hence,  the  Power  Profile  drag  should  be  less  than  that 
of  the  original  Whitcomb  section,  since  separation  drag  and  some  skin 
friction  drag  have  been  eliminated. 
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3.  OBJECTIVES  OF  THIS  STUDY 


The  main  objectives  of  the  present  study  have  been  to  review  and  to 
assess  the  available  theoretical  methods  and  experimental  data  which 
apply  to  the  Power  Profile  concept,  and  to  plan  for  future  action  in  the 
development  of  this  concept.  In  particular,  means  of  preventing  separa¬ 
tion,  reducing  drag,  and  obtaining  high  propulsion  efficiency  have  been 
stressed.  Theoretical  methods  are  reviewed  in  Section  4  below,  experi¬ 
mental  data  are  reviewed  in  Section  5,  and  plans  for  future  development 
of  Power  Profiles  are  given  in  Section  6. 

4.  THEORETICAL  METHODS  FOR  POWER  PROFILE  DESIGN 

From  a  theoretical  viewpoint,  the  Power  Profile  design  task  is  that 
of  developing  a  powered  airfoil  which  has  the  above -stated  advantages 
over  a  conventional  airfoil  or  jet  flap.  The  task  is  one  of  using  both 
viscous  flow  methods  for  the  boundary  layers  and  wall  jets  and  inviscid 
methods  for  the  potential  flow  regions.  Methods  that  are  of  prime 
interest  and  that  are  needed  for  the  job  are  described  below. 

Airfoil  Shape,  the  Design  Cl,  and  the  James  Method 

If  we  specify  that  the  airfoil  upper  surface  has  a  constant  velocity 
equal  to  times  U^,  and  that  the  lower  surface  velocity  is  times  Uqq, 
then  the  design  Cj^  will  be 

Then  the  question  arises  as  to  how  we  pick  Vf  and  for  a  given 
The  answer  in  principle  is  quite  simple.  For  a  given  Cj_j  we  may  pick 
any  Yi  and  then  solve  equation  (2)  for  V^,  Then  it  turns  out  that  the  airfoil 
thickness  ratio  t/c  obtained  is  a  function  of  V|  ;  increasing  will  increase 
t/c,  and  vice  ''ersa. 
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This  point  mav  be  better  understood  through  a  study  of  Figure  10.  The 

two  airfoil  shapes  in  Figure  10  were  generated  by  use  of  the  James  design 
14 

(inverse)  method  .  The  James  method  is  a  very  powerful  means  of  airfoil 
design  wherein  the  airfoil  theory  is  formulated  in  a  transformed  space  con- 
sisting  of  the  interior  of  the  unit  circle.  In  the  practical  application  of  the 
method  the  computer  input  information  is  a  dimensionless  plot  of  velocity  V 
versus  distance  s  along  the  airfoil  perimeter,  as  illustrated  in  Figure  11. 
The  outout  is  then  an  airfoil  shape  and  a  pressure  or  velocity  distribution 
which,  in  general,  is  slightly  different  from  the  input  distribution.  The 
reason  for  this  difference,  if  any,  is  the  physical  impossibility  of  obtaining 
an  airfoil  which  satisfies  both  potential  flow  theory  and  any  input  velocity 
distribution.  Therefore,  as  discussed  in  detail  in  Reference  14,  the  James 
method  is  formulated  to  pick  the  airfoil  that  in  some  sense  comes  "nearest" 
to  having  the  input  velocity  distribution.  Figure  11  shows  both  distributions 
for  the  case  7  airfoil  shown  in  Figure  10. 

Since  the  James'  method  neglects  viscosity  and  boundary  layers,  it  is 
only  approximately  applicable  to  real  flows.  Hence,  it  applies  to  this 
approximation  for  the  circulation  control  range,  where  but  for 

larger  values  of  C^,  where  the  jet  flap  effect  is  important,  it  no  longer 
applies. 

The  airfoils  on  Figure  10  are  two  of  a  series  of  potential  flow  shapes 

calculated  for  use  in  the  Power  Profile  development.  Inasmuch  as  both 

airfoils  have  almost  constant  Cp  values  over  most  of  their  upper  and  lower 

surfaces,  the  surface  velocities  are  almost  constant  and  are  listed  non- 

dimensionally  in  Figure  10  as  and  V^.  Also,  the  airfoil  Cl  value  for 

stagnation  point  locations  shown  on  Figure  10  are  listed;  notice  that  Ct  is 

Z  Z 

approximately  equal  to  the  ~  )  given  by  equation  Z  as  the  design  Cl 

for  the  idealized  case  where  the  velocity  distributions  are  constant  over  the 
entire  chord  length.  For  obvious  reasons,  the  velocities  generally  will  not 
be  constant  over  the  entire  chord  length,  but  Figure  10  shows  the  remark¬ 
able  result  that  the  velocities  may  be  constant  over  as  much  as  95  percent 
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of  the  chord  length.  Other  cases  have  shown  that  this  number  may  be  as 
much  as  97  percent  for  an  airfoil  having  t/c  =  0.223;  Pierce  et  al^^  have 
shown  free-streamline  shapes  where  the  ratio  is  100  percent.  However, 
these  larger  numbers  are  not  available  for  shapes  having  rounded  leading 
edges  such  as  those  in  Figure  10. 

Equation  2  gives  a  rather  good  approximation  to  for  such  cases 
as  shown  in  Figure  10  partly  because  the  difference  -  Cp^)  near  the 

leading  and  the  trailing  edges  is  almost  equal  to  its  mid-chord  value. 

As  illustrated  on  Figure  11,  the  case  7  input  values  of  and  Vy 
were  1.077  and  1.323.  For  case  9,  the  same  and  were  input.  The 
output  difference  between  the  two  cases,  as  shown  in  Figure  10,  is  the  re¬ 
sult  of  input  differences  of  V  versus  s  in  the  regions  close  to  the  leading 
and  trailing  edges,  that  is,  near  s  =  0,  0.5,  and  1.0.  For  these  regions, 
the  input  slope  dV/ds  was  larger  by  a  factor  of  1,62  in  case  7  as  compared 
to  case  9.  As  a  consequence,  the  case  9  airfoil  turns  out  to  be  much 
thicker  than  that  of  case  7.  Thus,  by  varying  this  slope  one  changes  the 
output  values  of  both  V|  and  V^. 

A  change  in  the  input  values  of  and  will  no  doubt  have  some 
effect  on  the  James  method  output,  but  clearly  the  output  is  quite  sensitive 
to  dV/ds  near  the  leading  and  trailing  edges.  To  date,  no  calculations 
have  been  made  on  f.ases  similar  to  7  or  9  but  with  and  made  larger 
or  smaller. 

The  airfoil  camber  and  lift  coeff.cient  may  be  varied  by  changes  in 
the  relative  magnitudes  of  the  inputs  and  ,  which  is  comparable  to 
displacing  upward  or  downward  the  input  curve  of  Figure  ll.  For 
symmetric  airfoils  and  Cj_^=  0  one  must  use  and  V(0.500)  =  0, 

In  some  cases  the  output  value  of  the  value  of  s  at  the  leading 

edge  where  U-  0,  is  significantly  different  from  the  input  Eqj*  This 
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results  in  some  output  nonuniformity  ("roundedness")  in  the  two  regions 
over  which  V  is  supposed  to  be  constant,  either  or  V^.  The  output 
becomes  flatter  or  more  uniform  in  these  regions  when  a  more  realistic 
value  is  picked  for  the  input  Sqj. 

The  above  is  written  with  the  implication  that  only  one  value  of  Cj^is 
associated  with  any  given  airfoil.  So  far  as  the  James  method  is  concerned, 
this  is  true,  since  the  James  program  puts  out  only  one  shape  and  one  value 
of  Cj  .  Of  course,  on  any  real  airfoil  we  may  then  vary  the  angle  of  attack 
a  and  the  circulation  F  to  change  but  in  so  doing  the  flatness  of  the 

pressure  and  velocity  distributions  as  exemplified  by  Figures  10  and  11  will 
be  lost. 

The  James  method  is  capable  of  generating  airfoil  shapes  for  almost 
any  rational  form  of  pressure  distribution  rather  than  just  the  class  re¬ 
stricted  to  almost  constant  values  of  upper  and  lower  surface  velocity,  as 
discussed  above. 

In  summary,  the  James  method  is  a  very  powerful  means  for  gene¬ 
rating  potential  flow  shapes  for  application  to  r’ower  Profile  designs. 
Practical  designs  can  be  developed  from  the  shapes  like  those  in  Figure  10 
by  modifying  the  trailing  edge  regions  to  accommodate  the  two  jets  and  the 
control  surface  that  characterize  the  Power  Profile  concept.  Then,  except 
for  boundary  layer  displacement  effects  which  can  be  compensated  for,  the 
flow  over  all  but  the  rearmost  part  of  the  profile  should  have  the  pressure 
and  velocity  distribution  given  by  the  James  method. 

Douglas  Neumann  Method  for  Potential  Flow  Analysis 

This  method  for  potential  flow  calculations^^  is  complementary  to  the 
James  method  discvissed  above,  since  it  is  a  "direct"  rather  than  an 
"inverse"  method.  The  Douglas  Neumann  method  has  been  developed  for 
calculating  the  incompressible  potential  flow  about  arbitrary  body  shapes. 
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Hence,  for  practical  applications,  it  ie  limited  to  cases  where  C^  < 
since,  like  the  James  method,  it  does  not  account  for  viscosity  or  jet  flap 
effects. 

The  means  of  solution,  which  is  based  on  fundamental  theorems  of 
classical  potential  theory,  utilises  a  distribution  of  source  density  over 
the  body  surface  and  solves  for  the  distribution  that  makes  the  normal 
component  of  fluid  velocity  equal  to  zero  on  the  body  surface  in  the  pre¬ 
sence  of  a  given  uniform  stream.  This  approach  is  general,  and  does 
not  make  use  of  any  simplifying  assumptions.  In  particular,  the  body  is 
not  required  to  be  slender,  and  perturbation  velocities  due  to  the  body 
are  not  required  to  be  small.  Both  interior  .md  exterior  flows  can  be 
calculated,  and  multipl  j -body  interference  problems  present  no  difficulty. 
The  theory  and  the  details  of  the  method  are  contained  in  Reference  15. 
Only  a  brief  outline  of  the  approach  is  given  here. 


Ihe  body  surface  is  approximated  by  a  large  number  of  surface  ele¬ 
ments  \/hose  characteristic  dimensions  are  small  compared  to  those  of 
the  body.  A  two-dimensional  or  an  axisymmetric  body  is  specified  by  a 
single  profile  curve.  This  pi  'file  curve  is  approximated  by  a  polygon 
consisting  of  a  large  number  of  short  straightline  segments,  which  in 
general  are  of  unequal  length.  Thus  the  surface  elements  for  two-dimen¬ 
sional  bodies  are  thin,  infinite  plane  strips,  and  those  for  axisymmetric 
bodies  are  frustums  of  cones  having  small  slant  heights.  For  three- 
dimensional  bodies  the  surface  elements  are  small  plane  quadrilaterals, 
which  are  distributed  over  the  entire  surface.  On  each  element  a  control 
point  is  selected  where  velocities  and  pressures  are  to  be  evaluated.  For 
two-dimensional  and  axisymmetric  bodies  the  control  points  are  the  mid¬ 
points  of  the  line  segments  that  approximate  the  profile  curve  of  the  body. 


The  method  basically  consists  of  simultaneously  adjusting  the  source 
densities  on  all  the  surface  elements  in  such  a  way  that  the  zero  normal- 
velocity  condition  is  satisfied  at  all  control  points.  Specifically,  the 
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method  proceeds  as  follows.  The  surface  source  density  is  assumed  to 
be  constant  over  such  surface  element.  Thus  there  is  a  number  of  unknown 
values  of  source  density  equal  to  the  number  of  surface  elements.  The 
velocities  induced  by  the  elements  at  each  other's  control  points  are  com¬ 
puted.  Because  of  the  linearity  of  the  problem,  the  velocity  at  any  point 
due  to  an  element  is  proportional  to  the  unknown  value  of  source  density 
on  that  element  and  is  thus  the  product  of  this  unknown  value  and  the 
velocity  at  the  point  in  question  due  to  a  unit  value  of  source  density  on  the 
element.  It  is  required  that  the  normal  velocity  at  each  control  point  due 
to  all  the  elements  equal  the  negative  of  the  normal  component  of  the  onset 
flow  there,  so  that  the  total  normal  velocity  is  zero.  Application  of  a 
normal  velocity  condition  at  all  control  points  produces  a  determinate  set 
of  linear  algebraic  equations  for  the  values  of  source  density  on  the  ele¬ 
ments.  Once  these  equations  have  been  solved,  velocities  and  pressures 
are  computed  at  the  control  points  off  the  body  surface  in  the  flow  field. 

The  Douglas  Neumann  program  may  be  applied  directly  to  airfoil 
shapes  such  as  given  in  Figure  10  to  determine  pressure  and  velocity  dis¬ 
tributions  as  functions  of  both  angle  of  attack  and  circulation,  whereas 
the  James  method  gives  information  for  only  one  angle  of  attack  and  one 
circulation  value.  Therefore,  to  obtain  both  the  airfoil  shape  and  all 
possible  pressure  and  velocity  distributions,  both  the  James  and  the 
Neumann  programs  must  be  used. 

Since  airfoils  such  as  gi/en  in  Figure  10  do  not  have  a  sharp  ^railing 
edge,  no  trailing  edge  or  Kutta  condition  can  be  applied  to  define  a  unique 
value  of  circulation  corresponding  to  each  angle  of  attack.  Therefore, 
the  flow  field  is  a  function  of  both  the  angle  of  attack  and  the  circulation, 
which  for  the  Power  Profile  is  controlled  by  the  control  surface  deflection 
and  the  blowing  strength.  In  applying  the  Neumann  program  the  circula¬ 
tion  is  determined  by  the  location  of  the  rear  stagnation  point,  which  is 
specified  as  a  program  input.  Hence,  a  unique  flow  field  calculation 
depends  on  both  the  angle  of  attack  and  the  rear  stagnation  point  location. 
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The  Neun^ann  program  also  may  be  used  to  study  incompressible 
potential  flow  about  the  control  surface  region  of  a  Power  Profile  shape. 

This  has  been  done  using  40  points  to  define  the  control  surface  shape, 

100  points  to  define  the  upper  portion  of  the  Power  Profile  and  100  points 
to  define  the  lower  portion  of  the  Power  Profile.  For  these  240  points 
the  time  required  to  run  the  program  on  an  IBM  360/65  computer  was  4.5 
minutes.  In  this  amount  of  time  the  computer  obtained  one  solution  at 
zero  angle  of  attack,  one  solution  at  90°  angle  of  attack,  and  a  circulatory 
solution.  These  solutions  were  combined  by  the  computer  to  give  a  final 
solution  at  a  specified  angle  of  attack  and  with  one  stagnation  point  on  the 
control  surface,  one  stagnation  point  at  the  trailing  edge  of  the  upper  sur¬ 
face,  and  one  stagnation  point  at  the  trailing  edge  of  the  lower  surface. 
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Usually  a  smaller  number  of  points  is  sufficient  to  obtain  accurate  results 

For  a  simpler  shape  such  as  shown  on  Figure  10,  about  120  points 
are  sufficient  to  define  the  airfoil  with  good  accuracy.  The  computing 
time  on  an  IBM  360/65  machine  is  then  about  1.0  minute.  The  James 
design  method  on  the  same  machine  requires  about  0.8  minute  and  pro¬ 
vides  data  at  201  points  on  the  body  surface. 

The  Douglas  Non-Linear  "Jet  Flap"  Potential  Flow  Method 

This  method  of  calculating  the  inviscid,  incompressible  flow  about 
multi-element  airfoils  is  currently  being  developed  under  the  sponsorship 
of  the  McDonnell  Douglas  Corporation  Independent  Research  and  Develop¬ 
ment  Program.  It  is  basically  a  surface -vorticity  potential  flow-  method, 
in  which  the  surface  of  the  airfoil  and  jet  are  replaced  by  a  distribution  of 
vorticity  of  such  strength  as  necessary  to  make  these  surfaces  stream¬ 
lines  of  the  flow.  The  calculation  of  the  vorticity  distribution  is  com¬ 
plicated  by  the  fact  that  the  jet  location  is  not  known  in  advance.  The 
jet,  which  is  required  to  extend  downstream  to  infinity,  must  also 
satisfy  a  dynamic  boundary  condition  relating  to  the  curvature  of  the 
jet  to  the  pressure  difference  across  it.  These  mixed  boundary 
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conditions  make  a  direct  solution  by  matrix  techniques  impossible;  hence 
an  iterative  procedure  is  resorted  to.  A  jet  shape  is  initially  estimated 
and  the  potential  flow  about  the  airfoil-jet  combination  is  calculated.  The 
resulting  jet  loading  is  compared  to  the  value  required  to  satisfy  the  dy¬ 
namic  boundary  condition  and,  if  a  pre-specified  tolerance  is  exceeded, 
the  jet  shape  is  modified.  The  potential  flow  calculation  is  repeated,  and 
the  dynamic  boundary  condition  checked,  until  convergence  is  achieved. 

An  operational  computer  program  is  presently  available  to  perform  the 
above  calculations,  and  will  soon  be  extended  to  include  the  effects  of  jet 
thickness  and  entrainment. 

Use  of  the  Above  Methods.  The  above  three  methods  may  be 
classified  as  follows; 

Methods  for  Methods  for  C^  > 

1.  James  1.  The  Douglas  Non-Linear 

"Jet  Flap"  Potential 

2.  Neumann  Flow  Method 

These  methods  are  all  for  inviscid,  incompressible  flows,  although  the 
James  method  has  recently  been  extended  to  handle  certain  compressible 
problems  up  to  transonic  speeds. 

Boundary  Layer  Methods.  Boundary  layer  calculations  generally  are 
not  essential  to  the  design  of  Power  Profiles  since  it  is  not  necessary  to 
know  the  precise  form  of  the  boundary  layer  profile  or  other  boundary 
layer  parameters.  In  practical  applicatio.is  the  boundary  layers  will  be 
turbulent  over  most  of  the  airfoil,  rn'*  the  use  of  Power  Profiles  with 
zero  pressure  gradient  over  most  of  surface  simplifies  the  boundary  layer 
to  the  well-known  flat  plate  case.  Therefore,  the  essential  boundary 
layer  characteristics  may  be  approximated  by  the  flat-plate  results  of 
Schlichting^^. 

For  more-detailed  investigations  the  reader  is  referred  to  the  work 
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of  Cebeci,  Smith,  and  Wang  ,  which  is  both  up-to-date  and  old  enough 


to  be  well-tested.  This  is  a  finite-difference  method  for  solving 
laminar-  and  turbulent -boundary-layer  equations  for  incompressible  and 
compressible  flows  about  two-dimensional  and  axisymmetric  bodies  and 
contains  a  thorough  evaluation  of  its  accuracy  and  computation-time 
characteristics.  The  Reynolds  shear-stress  term  is  eliminated  by  an 
eddy-viscosity  concept,  and  the  time  mean  of  the  product  of  fluctuating 
velocity  and  temperature  appearing  in  the  energy  equation  is  eliminated 
by  an  eddy -conductivity  concept.  The  turbulent  boundary  la/er  is  re¬ 
garded  as  a  composite  layer  consisting  of  inner  and  outer  regions,  for 
which  separate  expiessions  for  eddy  viscosity  are  used.  The  eddy-con¬ 
ductivity  term  is  lumped  into  a  "turbu’ent"  Prandtl  number  that  is 
assumed  to  be  constant 

The  method  has  been  programmed  on  the  IBM  350/65  under  the  name 
E7ET,  and  its  accuracy  has  been  investigated  for  a  large  number  of  flows 
by  comparing  the  computed  solutions  with  test  data.  On  the  basis  of  these 
comparisons,  it  can  be  said  that  this  method  is  quite  accurate  and 
satisfactory  for  both  laminar  and  turbulent  flows.  The  computation  time 
is  also  quite  small.  In  general,  a  typical  flow,  either  laminar  or  turbulent, 
consists  of  about  twenty  x-stations.  The  computation  time  per  station  is 
about  one  second  for  an  incompressible  laminar  flow  and  about  two  to  three 
seconds  for  an  incompressible  turbulent  flow  on  the  IBM  360/65.  Solution 
of  the  energy  equation  in  either  laminar  or  turbulent  flows  increases  the 
computation  time  about  one  second  per  station. 

Boundary  Layer  Separation.  Boundary  layer  separation  should  not  be 

tolerated  cn  useful  airfoil,  jet  flap,  or  Power  Profile  sections.  Several 
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methods  of  predicting  separation  are  compared  for  accuracy  by  Smith  . 

In  particular,  the  Stratford  criterion^ is  quite  useful  because  it  does  not 
require  the  solution  of  the  boundary  layer  equations.  The  best  prediction 
method  is  that  of  Cebeci-Smith^ but  Kead's  method  is  not  far  behind. 
In  general,  for  Power  Profiles  operating  at  the  design  Cj^,  separation 
will  be  no  problem  except  in  the  immediate  neighborhood  of  the  control 
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surface,  and  this  problem  depends  partly  on  the  wall  jet  blowing  and 
entrainment  for  its  solution. 


V/all  Jet  Methods.  The  wall  jet  and  the  mixing  of  the  wall  jet  with  the 
external  boundary  layer  is  of  prime  importance  in  Power  Profile  design. 
This  is  because  of  the  use  of  the  jets  to  prevent  separation.  The  technology 
of  jet  attachment  and  the  jet  entrainment  of  the  outside  flow  is  less  well 
understood  than  the  other  aspects  of  Power  Profile  aerodynamic  design. 
Nevertheless,  a  number  of  papers  on  the  wall  jet  have  appeared  in  recent 
years. 


Glauert^^  was  the  first  to  obtain  a  solution  for  a  wall  jet  with  no 

external  stream:  he  treated  both  laminar  and  turbulent  flows.  Kruka  and 
22 

Eskinazi  have  studied  the  turbulent  case  with  external  flow  and  zero 

pressure  gradient  and  have  found  similarity  to  exist  in  both  the  inner  and 

the  outer  parts  of  the  wall-jet  layer.  Their  results  are  based  on  their 
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own  experiments  as  well  as  those  of  others.  Abramovich  gives  a  basic 
derivation  of  the  development  of  the  initial  parts  as  well  as  the  main  re¬ 
gions  of  both  submerged  jets  and  wall  jets;  however,  his  wall  jet  work  is 
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limited  to  regions  of  zero  pressure  gradient  Harris  has  developed  an 
integral  calculation  method  for  the  turbulent  problem  with  an  arbitrary 
pressure  gr?  the  external  stream;  he  compares  calculated  results 

with  the  me  tj  by  himself  and  by  others. 


Newman  ,  put  forth  an  extensive  review  of  recent  wall  jet  work. 

Gartshore^^  has  reviewed  work  on  the  blowing  required  to  suppress 
separation,  discussing  the  work  of  Thomas**  ,  and  has  touched  briefly  on 
a  problem  of  importance  to  the  Power  Profile  concept,  namely  whether 
or  not  a  velocity  defect,  such  as  that  in  the  initial  mixing  region  of  the 
wall  jet  and  the  external  stream,  is  likely  to  deepen.  This  discussion  is 
limited  to  small  values  of  the  velocity  defect,  whereas  for  Power  Profiles, 
as  v/ith  any  wall  jet  in  an  external  stream,  the  defect  is  large,  initially 
cor  responding  to  the  jet  trailing  edge  value  of  zero.  This  defect  can 


disappear  rapidly,  as  will  be  discussed  under  Section  5,  Gartshore  and 
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Newman  have  worked  together  to  develop  a  wall  jet  calculation  proce¬ 
dure  for  arbitrary  pressure  gradients. 

This  method  is  the  best  currently  available,  although  it  has  a  number 
of  simplifying  assumptions  which  may  be  questioned.  The  calculation  is 
based  on  four  integral  equations.  The  initial  profile  downstream  of  the  jet 
slot  is  taken  to  be  of  a  universal  form  defined  by  four  parameters.  Two 
of  these  parameters  are  chosen  at  the  outset,  and  the  remaining  two  are 
determined  from  mass  and  momentum  conservation.  In  cases  where  this 
leads  to  a  velocity  profile  with  a  maxin>um  greater  than  the  jet  velocity 
Uj  in  the  slot,  is  chosen  to  be  equal  to  Uj  ,  and  the  fourth  parameter 
is  determined  by  momentum  conservation  only.  Predictions  of  the  method 
have  been  compared  with  measurements  on  wall  jets  in  various  adverse 
pressure  gradients,  and  the  agreement  between  theory  and  experiment  has 
been  found  to  be  satisfactory. 

Gartshore  and  Newman  have  found  that  although  the  momentum 
coefficient  may  be  adequate  to  describe  the  blowing  momentum  for 
large  values  of  Uj/Ug  >  a  more  appropriate  parameter  must  be  devised  for 
other  cases.  Calculations  for  two  cases  studied  show  that  the  excess 
momentum  coefficient, 

“  C,,  (l  -  (3) 

29 

first  suggested  by  Kelly  ,  satisfactorily  collapses  the  data  for  low  jet 
velocities  or  large  slot  widths,  as  may  appear  on  Power  Profiles. 

The  Gartshore  and  Newman  method  has  been  applied,  and  some 
results  are  discussed  in  Section  6. 

Analysis  of  a  Circulation-Controlled  Elliptical  Airfoil.  Ambrosian! 
and  Ness^^  have  made  an  ambitious  effort  in  developing  a  calculation 
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method  for  a  circulation-controlled  elliptical  airfoil,  such  as  shown  in 
Figure  lb.  It  would  be  interesting  to  have  their  calculations  compared 
with  experimental  results,  but  this  has  not  yet  been  done,  to  this  writer's 
knowledge.  For  generality,  the  calculations  should  be  compared  to 
experiment  for  several  combinations  of  ct,  C^,  ty,  and  Reynolds  number. 
It  would  also  be  well  if  the  method  could  be  adapted  to  other  than  elliptical 
shapes.  Some  parts  of  the  analysis  could  be  improved.  For  example,  on 
pages  47-48  the  theory  of  the  extent  of  the  pressure  feedback  zone  is 
rather  rough  for  Point  A.  On  page  31  the  transition  criteria  by  Michel  or 
by  Granville  would  have  been  better.  The  jet  mixing  on  page  56  is  rather 
simplified.  In  general,  the  report  is  well-organized  and  is  a  useful  be¬ 
ginning  to  the  complete  circulation-controlled  airfoil  problem. 

A  rather  elegant  general  discussion  of  jet  flaps  hac  been  given  by 
Maskell  and  Gates  .  In  particular,  they  give  a  theorem  showing  for 
inviscid  flows  without  shocks  that  the  total  resultant  force  on  the  two- 
dimensional  airfoil  is  the  vec  tor  sum  of  the  lift, 

momentum,  rh  Ut  i  where  m  is  the  mass  flow  rate  and  Ut  is  the  jet 

'  U  QQ  ''*00 

velocity  far  behind  the  airfoil,  which  is  always  parallel  to  Uoo- 


5.  REVIEW  OF  EXPERIMENTAL  CIRCULATION 
CONTROL  AND  JET  FLAP  DATA 

Although  the  history  of  circulation-control  and  jet-flap  airfoil  data 

covers  more  than  two  decades,  the  main  experimental  efforts  have  been 

rather  scattered,  inasmuch  as  no  definite  airfoil  type  has  been  used  as 

yet  on  more  than  a  very  few  experimental  aircraft.  As  a  result,  the 

experimental  data  is  rich  in  the  variety  of  airfoil  types  tested,  but  poor 

in  detailed  investigations  of  any  particular  type.  Many  tests  have  been 

performed  on  a  scale  such  that  Re„,  the  Reynolds  number  based  on  chord 
‘  c  3247 

length,  is  only  about  10^  or  less.  Of  all  the  w’ork  reported  here  , 

only  one  test  was  rondurted  with  Re^.  greater  than  6  x  10^.  Hcncc,  there 

is  yet  much  to  learn  from  future  powered  airfoil  experiments. 
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Wall-Jet  Experiments.  The  wall-jet  is  essential  to  the  operation  of 
the  Power  Profile  concept,  since  a  wall  jet  is  used  to  prevent  separation 
over  the  rear  of  the  airfoil.  The  wall  jet  must  overcome  the  very  strong 
adverse  gradient  at  the  rear  of  the  airfoil;  a  second  complication  is  the 
normal  pressure  gradient,  the  effect  of  which  is  not  well  understood. 

Hence,  experiments  are  needed  for  a  better  understanding  of  this  problem. 

The  wall -jet  problem  has  been  studied  in  part  by  Jones^^^  who  has 

measured  a  large  number  of  wall-jet  velocity  profiles  on  the  rear  of  a 

kind  of  airfoil  with  a  constant  20  percent  chord  thickness  except  for 

rounded  leading  and  trailing  edges,  as  illustrated  on  Table  I.  Jones  has 

run  tests  with  one  jet  placed  just  upstream  of  the  trailing  edge.  The  jet 

travels  somewhat  more  than  90°  around  the  trailing  edge  before  separation. 

This  may  be  compared  with  the  data  on  curved  wall  jets  presented  by 
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Newman  ,  The  Newman  study  contrasts  to  the  above  because  Newman's 
results  are  for  the  case  where  the  external  stream  velocity  is  zero,  so 
that  Uj/Uqp  is  infinity  rather  than  2  to  4,  as  in  the  Jones  study.  Hence, 
it  is  not  surprising  that  Newman  predicts  the  much  larger  turning  angle 
of  226°  before  separation. 
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During  the  experiments  ,  Jones  never  was  able  to  cause  the  upstream 
boundary  layer  to  separate  from  the  jet  flow  before  the  jet  itself  separated 
from  the  surface.  This  was  true  in  spite  of  deliberate  attempts  to  generate 
such  a  separation. 

The  .iboence  of  such  a  possible  separation  is  important  to  the  success 

of  the  Power  Profile  concept.  Therefore,  the  several  papers^^’ 

which  show  measurements  of  the  merging  of  wall  jets  with  upstream 

boundary  layers  are  of  special  interest.  No  separation  was  found  in  these 

48 

measurements,  even  for  adverse  pressure  gradients  .  These  results 
are  encouraging,  particularly  because  the  calculation  of  such  flows  is 
quite  a  difficult  problem  in  which  the  use  of  Prandtl  mixing  length  u-nd 
Prandtl-Kolmogorov  turbulence -length-scale  hypotheses  are  inadequate. 
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In  the  Power  Profile  concept  two  opposing  jets  nneet  on  the  rear  aide 
of  the  control  surface  before  merging  into  the  downstream  direction. 
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This  sort  of  problem  has  been  studied  by  Kind  and  Suthanthiran  ,  who 
have  developed  some  empirical  relations  for  predicting  the  location  where 
the  two  jets  meet  and  then  turn  away  from  the  wall.  In  their  experiments 
they  found  that  there  was  little  loss  in  momentum  in  the  mixing  process, 
but  that  the  merged  or  free  jet  has  a  rate  of  spread  and  turbulence  level 
about  three  times  as  large  as  a  conventional  turbulent  jet. 


As  expected,  the  position  of  the  jet  merger  is  half  way  between  the 
two  jet  nozzles  for  equal  values  of  jet  momenta.  As  the  momentum  of  the 
first  jet  is  increased  over  that  of  the  second,  the  merger  position  is  moved 
toward  the  second  jet.  This  is  the  type  of  phenomena  desired  for  regulating 
the  circulation  about  a  Power  Profile  airfoil.  However,  Kind  and 
Suthanthiran  varied  their  momenta  by  varying  the  stagnation  pressures 
of  the  two  jets  independently  while  both  nozzle  widths  t  were  equal.  In 
contrast,  for  Power  Profiles  the  stagnation  pressures  of  the  two  jets  are 
equal,  and  the  jet  momenta  are  varied  by  changing  the  nozzle  widths, 
and  t^  .  This  difference  is  expected  to  be  no  problem  to  Power  Profile 
operation. 


Circulation-Control  and  Jet-Flap  Experiments.  Maurice  Roy 
reports  briefly  on  a  jet  flap  of  the  type  shown  by  Figure  le.  Tests  at 
ONERA  have  shown  that  such  a  flap  is  capable  of  high  values  of  Cj^,  but 
even  larger  Cj^  values  are  possible  when  the  lower  jet  flow  is  cut  off. 

This  is  just  what  happens  in  a  Power  Profile  flow  when  the  control  surface 
is  deflected  fully  downward.  In  fact,  with  the  lower  jet  shut  off,  the 
extended  trailing  edge  shown  in  Figure  le  may  be  a  disadvantage  in 
obtaining  the  largest  possible  C]_,  ,  because  the  wall  jet  flow  cannot 
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turn  around  the  trailing  edge  and  travel  forward  on  the  lower  surface. 

Other  French  experiments  with  two  jets  at  the  rear  of  an  airfoil  are 


reported  by  Werle 


This  configuration,  illustrated  in  Figure  was 


suggested  by  Mr.  Maurice  Roy,  Director  of  ONERA,  and  is  essentially 
different  from  the  Power  Profile  concept  by  the  use  of  two  different 
plenum  pressures  rather  than  nozzle  widths  to  vary  the  two  jet  momenta. 
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Kind  and  \laull  also  used  two  different  plenum  pressures  for  some  of 
their  experiments.  The  Werle^  configuration  was  subject  to  testing  in  a 
water -tunnel^  \  used  for  its  excellent  flow-visualization  capability. 

With  =  0.3  for  both  the  upper  and  the  lower  jets,  the  two  jets  merged 
smoothly  along  a  horizontal  line  at  the  rear  of  the  airfoil.  This  flow  was 
in  marked  contrast  to  the  separated  and  unsteady  flow  over  the  rear  of 
the  profile  when  there  was  no  jet  blowing.  When  the  upper  jet  was 
increased  to  0.6  and  the  lower  jet  decreased  to  0.14,  the  merged  jet 
stream  was  deflected  downward  at  about  50°  to  the  horizontal,  and  no 
flow  separation  was  evident.  No  section  or  other  data  are  available, 
but  this  report  is  encouraging  to  the  Power  Profile  concept, 

32  35 -47 

Other  jet  flap  experiments  ’  are  summarized  in  Table  1  below. 
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The  Jones  data  is  notable  for  its  study  of  wall-jet  development,  but  no 
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lift  data  was  recorded.  Fink  '  shows  an  example  of  an  unusual  powered 
airfoil  idea  that  did  not  work  out  very  well.  This  is  a  good  example  of  a 
flow  too  complex  to  be  assessed  by  theoretical  methods;  hence,  some 
general  features  of  the  flow  were  not  predicted  in  advance  of  the  experiments. 

Kizilos,  in  Reference  37,  presents  some  test  data  for  his  "VDT"  air¬ 
foil  which  is  illustrated  in  Table  I.  This  airfoil  has  two  trailing  edge  jets, 

9 

but  the  airfoil  is  much  thinner  than  the  two-jet  airfoil  of  Kind  and  Maull  . 

The  data  is  rather  disappointing,  since  it  does  not  show  a  Cj^  with  jet 
blowing  of  more  than  about  0,8  for  a  =  0°;  at  a  =  4°,  Cl  =  1.0  is  shown. 

It  would  be  helpful  to  have  a  systematic  set  of  curves  showing  Cl  as  a 
function  of  ot  and  jet  flap  angle  for  each  Mach  number.  The  C^  available 
from  VDT  jet  deflection  and  blowing  is  quite  small  at  transonic  speeds, 
and  not  much  drag  data  is  available. 
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The  VDT  airfoil  geometry  is  significantly  different  from  the  Power 
Profile  concept.  For  example,  the  VDT  airfoil  uses  a  biconvex  control 
surface  rather  than  a  circular  one,  which  was  rejected  because  the  jet 
could  not  be  deflected  sufficiently  as  the  plenum  to  ambient  pressure 
ratio  became  highly  supersonic.  The  circular  shape  is  much  like  that 
used  on  the  Power  Profile  concept,  which  has  not  been  configured  for 
supersonic  jet  operation.  In  fact,  as  shown  on  Figure  59  of  Reference 
37,  the  pressure  ratio  for  VDT  jet  detachment  from  the  biconvex  surface 
is  greater  than  2  so  that  the  VDT  jet  is  supersonic  before  the  jet  detach¬ 
ment  arises.  The  mixture  of  the  supersonic  jet  flow  with  the  subsonic 
airfoil  boundary  layer  is  a  difficult  problem  at  beet,  so  that  the  VDI  jet 
detachment  problem  is  not  surprising.  With  some  design  changes  the 
VDT  airfoil  might  be  able  to  avoid  the  jet  detachment.  Certainly,  if  one 
is  to  design  a  VDT  airfoil  for  operation  at  <  1 ,  it  would  appear  best 
to  avoid  supersonic  flow  difficulties  as  much  as  possible  by  keeping  the 
jet  speeds  to  no  greater  than  low  supersonic  values. 
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The  "TJ"  airfoil  is  the  second  airfoil  by  Kizilos  shown  on  Table  I. 
The  test  data  for  this  airfoil  is  more  encouraging  since  it  shows  good 
control  of  Cl  In  the  transonic  speed  range.  However,  it  may  be  possible 
to  reduce  drag  through  better  shaping  of  the  airfoil  trailing  edge  region. 
Because  of  the  geometric  differences  between  the  TJ  airfoil  and  the  Power 
Profile  concept,  the  TJ  data  does  not  appear  to  be  useful  for  Power  Profile 
development  efforts. 
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The  circulation  control  airfoil  data  of  Englar  is  quite  interesting, 
but  suffers  because  almost  all  data  runs  were  made  at  a  =  -1.2°  rather 
than  0°  as  was  intended.  The  30°  jet  flap  configuration  was  the  least 
effective  of  the  three  sections  tested,  possibly  because  of  separated  and 
unsteady  flow  conditions  near  the  jet  exit,  as  sketched  in  the  Figure  9 
given  by  Roy 

Alexander  and  Williams‘S®  have  tested  an  airfoil  and  flap  with  jet  BLC 
on  a  semispan  aircraft  model  having  an  aspect  ratio  of  6.  The  two  sets 


of  data  each  in  the  Cl  and  the  a  columns  of  Table  I  refer  to  two  different 

values  of  flap  deflection,  dp  =  90°  and  30°,  respectively.  At  dp  =  90°  a 

Cl  =  5.3  is  available  for  C^  =  0.95.  For  Cn  =  0,'C  the  configuration  has 
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Cl  =  2.2,  which  is  larger  than  given  by  Englar  ,  who  used  a  thicker  (157o), 
two-dimensional  airfoil.  The  Alexander  and  Williams  results  are  inter¬ 
esting  because  they  show  that  it  is  possible  to  get  large  values  of  C^  on  a 
section  only  12  percent  thick  and  a  C^  near  1.0,  which  is  typical  for  air¬ 
craft  takecff  conditions. 

Even  larger  values  of  Cl  at  high  Cn  were  obtained  by  Malavard, 
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Jousserandot,  and  Poisson-Quinton  *  '  using  a  configuration  like  that 

shown  in  Figure  le.  The  larger  of  the  two  Cl  values  in  Table  I  was 

obtained  by  blocking  the  flow  out  of  the  lower  jet,  so  that  only  the  upper  jet 

was  blowing.  The  22,5  percent  aivfoil  thickness  was  of  some  help  in 

obtaining  these  large  Cl  values.  A  large  variety  of  early  French  research 

1  44 

on  jet  flap  items  has  been  reviewed  by  Poisson-Quinton  and  Lepage  ’ 

Q 

Related  results  were  obtained  by  Kind  and  MaulP  using  a  20  percent 
elliptic  airfoil  section  with  a  rounded  trailing  edge  and  a  thin  slot  for  blow¬ 
ing  over  the  trailing  edge.  At  a  =  0°  and  Cw  =  0.10,  they  obtain  C,  =  1.9, 
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which  is  a  little  less  than  the  Cl  =  2.5  obtained  by  Malavard  etal  under 
the  same  conditions. 

Williams^  using  a  20  percent  thick  section  obtained  Cl  =  4.5  at  the 
above  ct  and  C^j,  a  =  0°  and  C^  =  0.10.  The  Williams'  section  was  elliptic 
but  modified  by  a  5.0  percent  circular  arc  camber  line.  Furthermore,  the 
Williams  trailing  edge  radius  was  modified  to  5.0  percent  of  the  chord, 
whereas  the  Kind  trailing  edge  was  only  3.8  percent  of  the  chord.  Both  the 
larger  trailing  edge  and  the  camber  of  the  Williams  section  would  be  ex¬ 
pected  to  add  to  the  Cj  ;  so  the  larger  Cj^^  of  the  Williams  section  is  not 
surprising.  It  is  interesting  that  Cl  for  the  Kind  section  goes  to  3.2  as 
a  goes  to  15°,  but  the  Williams  section  stalls  with  a  decrease  in  Cl 
before  Ct  reaches  as  much  as  5°.  These  observations  seem  to  all  be 
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consistent  with  each  other  and  with  what  theory  might  predict.  However, 

it  is  a  little  surprising  that  the  Williams  values  of  are  as  large  as 

reported;  intuitively  one  might  expect  somewhat  smaller  Cj^'s.  Here,  it 

might  be  noted  that  the  Williams  C^,  values  were  determined  by  static 

pressure  readings  on  the  floor  and  ceiling  of  the  tunnel,  including  a  13 

percent  correction  for  the  pressure  footprint  beyond  the  ends  of  the  test 

section.  Standard  wind  tunnel  corrections  have  been  applied  to  account 

for  the  tunnel  blockage  ratio  t/h  =  0.08,  which  is  larger  than  for  any  of 

the  other  models  shown  in  Table  I.  Recent  experience  at  Douglas  Aircraft 
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Company  has  shown  that  such  standard  tunnel  corrections  are  often  in 
error,  so  the  results  should  be  viewed  with  caution.  A  better  procedure 
for  finding  corrections  is  to  use  the  Neumann  potential  flow  method  or  the 
Douglas  non-linear  jet-flap  potential  flow  method  for  calculating  the  model 
flow  fields  both  in  the  tunnel  test  section  and  in  free  air;  this  is  done  in 
Reference  45.  The  Williams  result  of  =  6.3  at  =  0.23  is  near 

the  maximum,  27r(l  +  t/c),  predicted  by  non-linear  theory  for  the  two 
stagnation  points  brought  together  on  the  bottom  surface  of  the  airfoil. 

Extremely  large  values  of  Cl,  such  as  the  15.8  obtained  by  Malavard 
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etal  ,  may  not  be  of  great  interest  because  of  at  least  two  practical 
difficulties  in  applying  such  a  flow  to  a  wing  of  finite  aspect  ratio.  Such 
Cl  values  produce  very  large  values  of  induced  drag;  at  the  same  time 
the  large  values  of  Uj/Uqo  required  to  generate  the  large  Cl  values  re¬ 
sults  in  a  very  poor  propulsive  efficiency.  Because  of  this  high  drag  and 
low  propulsive  efficiency,  Cl  values  in  the  neighborhood  of  6  to  9  may  be 
about  the  upper  limit  for  application  to  STOL  aircraft  at  the  moment  of 
takeoff  or  landing. 

The  work  in  References  3,  9,  and  40  to  44  illustrate  that  Cl  values 
up  to  6  can  be  obtained  for  values  up  to  about  0.23;  what  one  would 
like  for  applicationG  is  more  detailed  experimental  information  on  such 
airfoils.  Re^,  in  these  tests  did  not  exceed  0.9  x  10^;  tests  at  larger 
Reynolds  numbers  would  be  desirable.  Further  testing  ot  the  drag  and 
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control  aspects  of  such  airfoils  at  more  moderate  or  cruising  valvxes  of 
are  needed.  Transonic  testing  is  needed.  In  general,  a  full  develop¬ 
ment  program  on  powered  airfoils  should  be  undertaken. 
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Discussion  of  the  work  of  Grahame  and  Headley  and  of  Peake. 
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Yodh'hara,  Zonars,  and  Carter  has  been  saved  until  last  because  of  the 
special  nature  of  these  transonic  tests.  The  Reynolds  numbers  and  Mach 
numbers  of  these  tests  are  larger  than  most  of  the  other  work  reported 
in  Table  I.  The  Peake  tests  are  notable  for  the  values  of  Re^.,  which  are 
about  the  same  as  full-scale  flight,  and  much  larger  than  the  usual  wind 
tunnel  test  values.  The  airfoils  for  these  two  tests  have  mvich  in  common, 
the  principal  difference  being  the  thickness-to-chord  ratio,  which  is  6.6 
percent  for  the  Grahame  section  and  10. 0  percent  for  the  Peake  section. 
Both  airfoils  have  a  trailing  edge  deflected  downward  in  the  manner  of  a 
Whitcomb  airfoil;  this  feature  is  more  pronounced  on  the  thicker  Peake 
section  than  on  the  Graname  section.  Finally,  both  airfoils  have  a  trailing 
edge  jet  flap  with  several  configurations  having  the  jet  nozzle  deflected 
downward  at  various  angles  between  0°  and  90°. 

These  two  tests  showed  the  same  general  trends  of  an  increase  in  lift 
and  buffet  onset  boundary  with  jet  flap  flow.  The  airfoil  shock  waves  were 
moved  downstream  with  jet  blowing,  and  high  levels  of  thrust  r;covery 
were  obtained.  The  reader  is  referred  to  References  46  and  47  for 
further  detail. 


6.  DEVELOPMENT  OF  A  POWER  PROFILE  CONFIGURATION 

The  objective  of  this  section  is  to  show  the  theoretical  development 
of  a  Power  Profile  shape,  including  the  jet  control  system,  suitable  for 
use  as  a  wind  tunnel  model.  At  the  start  of  this  study  the  author  suggested 
that  a  symmetric  airfoil  (zero  camber)  be  used  for  initial  tunnel  tests  of 
the  Power  Profile  concept;  but,  as  the  study  advanced,  the  author  developed 
the  procedures  needed  to  design  an  airfoil  with  moderate  camber.  The 
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inclusion  of  camber  has  made  the  design  effort  more  complex,  but  the 
resulting  airfoil  should  be  better  suited  both  to  high  lift  and  to  cruising 
flight  conditions  than  would  be  a  zero  camber  airfoil.  At  the  start  of 
this  study  the  author  put  forth  the  idea  of  using  free -streamline  shapes 
as  a  starting  point  for  the  Power  Profile  concept.  At  that  time  the  .nly 
free-streamline  shapes  which  had  been  developed  and  could  be  applied 
were  those  of  Pierce,  Hess,  and  Smith  .  These  all  were  zero-camber 
sections;  hence,  the  decision  to  use  symmetric  sections  was  appealing. 
Since  that  time,  the  powerful  inverse  design  technique  of  James^*^  has 
become  available:  and,  with  this  method,  shapes  such  as  shown  in 
Figure  10  were  developed. 

With  the  James  method  available,  the  question  arose  as  to  how  much 
camber  and  thickness  should  be  designed  into  the  test  airfoil.  As  ex¬ 
plained  in  Section  2,  the  use  of  free -streamline  shapes  enables  on*  to 
have  a  larger  airfoil  thickness  than  otherwise  possible  for  a  given  value 
of  superstream  velocity.  Hence  the  airfoil  should  be  thick,  and  t/c  =  22,5 
percent  was  chosen.  This  thickness  results  in  a  slightly  lower  value  of 
maximum  surface  velocity  than  is  obtained  on  airfoils  such  as  the  NACA 
642  A015  or  the  652*015  sections  at  zero  lift,  which  have  a  t/c  =  15.0  per¬ 
cent.  The  22,5  percent  is  somewhat  thicker  than  the  Williams^  and  the 
Kind  and  Maull*^  sec  tions,  which  had  t/c  =  20.0  percent.  It  is  clear  that 
this  decision  is  a  compromise  between  the  advantages  of  high  structural 

strength  and  high  lift,  which  come  with  thicker  sections,  and  a  high  cri- 
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tical  Mach  number  ,  which  comes  with  a  thinner  section.  Another 
important  reason  for  choosing  this  thick  section  is  that  the  problem  of 
leading  edge  separation  is  minimized. 

The  selection  of  the  amount  of  camber  was  a  compromise  between 
the  conflicting  requirements  of  high  lift  on  the  one  hand  and  good  cruising 
characteristics  on  the  other.  As  stated  above,  it  also  was  desired  to 
keep  the  camber  small  so  as  to  avoid  the  probable  difficulty  of  mixing 
high  c  amber  with  the  Powt^r  Profile  jet  concept  in  the  Jirst  design  study. 


With  these  considerations,  a  design  Cl  of  0.50  was  chosen;  this 
constraint  indirectly  specified  the  camber. 

The  airfoil  shape  to  be  used  also  was  influenced  by  its  suitability 
for  the  two  jets  that  characterize  the  Power  Profile  concept.  This  may 
be  illustrated  through  the  use  of  Case  9  shown  on  Figure  10.  On  this 
shape  in  low  speed  flow  the  adverse  pressure  gradients  start  near  96 
percent  chord  on  the  upper  surface  and  95  percent  chord  on  the  lower 
surface.  Hence,  the  two  control  jets  should  be  placed  near  these  two 
locations  so  as  to  maintain  unseparated  flow  around  the  trailing  edge. 
These  two  locations  are  apart  by  a  distance  Sj  =  11.3  percent  in  terms 
of  chord  length.  Therefore,  Sj  is  a  measure  of  the  distance  the  two  jets 
must  travel  before  merging  together,  and  it  is  desirable  to  minimize  Sj 
so  that  the  jet  energy  required  to  overcome  separation  is  minmized. 

The  James  design  method  as  used  here  is  ?  technique  for  incom¬ 
pressible  flow.  The  incompressible  results  may  be  corrected  for 
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compressibility  by  using  the  Karman-Tsien  rule  ,  which  gives  results 
reasonably  well  up  to  and  somewhat  past  the  critical  Ma.ch  number. 

More  advanced  analytical  techniques  are  required  for  airfoil  design  at 
greater  speeds. 

In  summary,  the  three  goals  of  the  airfoil  shaping  study  are  t/c  = 
0.225,  ^Ldesign  ~  that  sj  should  be  as  small  as  possible. 

While  the  airfoil  boundary  layer  character  has  not  been  mentioned  ex¬ 
plicitly  here ,  its  influence  has  not  been  overlooked.  In  general,  the 
boundary  layer  is  thin  enough  so  that  the  pressure  distributions  such  as 
given  in  Figure  10  by  the  James  method  are  close  to  that  on  the  airfoil 
with  the  boundary  layer  effect  added.  Of  greater  importance  are  the 
changes  in  this  pressure  distribution  that  come  from  angle  of  attack 
changes.  The  boundary  layer  displacement  thickness  will  make  the 
zero  pressure  gradients  in  Figure  10  slightly  favorable,  but  these 
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gradients  are  easily  overpowered  by  the  effects  of  angle  of  attack.  The 

boundary  layers  will  be  able  to  withstand  sonne  adverse  gradient  without 
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separation;  this  subject  is  discussed  in  depth  by  Smith  .  Hence,  the 
above  three  goals  are  compatible  with  such  boundary  layer  considerations. 

Shaping  of  the  Airfoil  by  the  James  Design  Method.  In  meeting  the 
above  design  goals,  eighteen  separate  runs  of  the  James  program^"^  were 
used.  The  results  of  runs  7  and  9  are  shown  in  Figure  10.  The  remain¬ 
ing  runs  were  used  to  vary  the  input  parameters,  such  as  shown  in 
Figure  11,  in  a  systematic  manner.  The  final  run  resulted  in  the  shape 
shown  in  Figure  12,  for  which  t/c  =  0.2245,  Cl  =  0.482,  and  sj  =  0.089- 
The  velocity  ratio  on  the  lower  surface  is  =  1.110.  On  the  upper  sur¬ 
face  it  is  =  1.309.  The  start  of  the  adverse  pressure  gradient  on  the 
upper  surface  is  at  98.6  percent  chord;  on  the  lower  surface  it  is  98.2 
percent.  These  are  further  aft  than  those  of  Case  9  on  Figure  10,  and 
Sj  is  smaller  than  for  Case  9. 

Jet  Locations  and  Control  Surface  Shaping.  The  design  airfoil  shape 
illustrated  in  Figure  12  is  shown  in  Figure  13  with  a  trailing  edge  modi¬ 
fication  for  two  jets  and  a  control  surface.  The  jet  exit  planes  on 
Figure  13  were  located  just  ahead  of  the  adverse  pressure  gradients 
shown  in  Figure  12  so  that  the  jets  could  be  used  to  overcome  these  gra¬ 
dients.  Then  each  of  the  upper  and  lower  surface  trailing  edge  lips  was 
designed  with  a  local  thickness  equal  to  12  percent  of  the  distance  from 
the  trailing  edge  apex,  .'he  control  surface  was  then  contoured  so  that 
the  slot  or  nozzle  passageways  became  narrower  in  the  streamline 
direction  and  so  as  to  insure  that  the  jets  would  experience  a  rapid 
acceleration  just  ahead  of  the  jet  exit  planes.  At  each  of  the  two  exit 
planes  the  slot  width  was  made  equal  to  0.50  percent  chord.  The  re¬ 
mainder  of  the  control  surface  was  then  drawn  with  its  "trailing  edge" 
or  rear  stagnation  point  as  far  forward  as  practical  so  that  the  stream¬ 
line  running  off  each  of  the  other  two  trailing  edges  might  follow  as 
closely  as  practical  to  the  aft  end  contour  of  the  airfoil,  as  shown  on 
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Figure  12.  Of  course,  these  two  streamlines  cannot  meet  at  a  rear 
stagnation  point,  as  in  Figure  12.  The  flow  field  vas  then  st-idied  by 
using  the  Douglas  Neumann  inviscid  flow  program  o  calculate  the  pies- 
sure  distribution,  which  gave  results  somewhat  different  than  shown  on 
Figure  13.  Then  the  control  surface  was  reshaped  slightly  to  that  form 
shown  in  Figure  13,  and  the  Neumann  program  was  run  again,  with  the 
results  as  shown  in  Figure  13. 

Since  the  Neumann  program  requires  that  the  jet  plenum  pressure 
be  equal  to  the  free  stream  total  pressure,  and  since  the  method  does 
not  account  for  the  viscous  effects  which  may  be  quite  important,  the 
pressure  distribution  shown  on  Figure  13  is  of  value  mainly  in  the  inside 
portion  of  the  airfoil.  V/hether  or  not  the  slight  adverse  gradients 
shown  on  Figure  13  on  the  upper  and  lower  external  surfaces  are  real 
cannot  be  determined  by  present  methods,  and  experiments  should  help 
clarify  this  point.  The  jet  entrainment  effect  will  tend  to  make  these 
gradients  favorable.  For  the  Neumann  calculation  the  three  rear  stag¬ 
nation  points  were  placed  at  the  two  trailing  edges  and  on  the  control 
surface  at  y  =  0. 

The  Douglas  Non-Linear  "Jet  Flap"  Potential  Flow  Method  currently 
under  development  has  been  used  to  study  the  offect  of  jets  on  the  flow 
about  the  airfoil  given  in  Figure  12.  The  jet  with  =  0.02  was  first 
placed  at  y  =  0  cn  the  trailing  edge  and  pointed  5°  downward  from  the 
horizontal.  This  resulted  in  a  very  small  change  from  the  pressure  dis¬ 
tribution  shown  in  Figure  12.  However,  when  the  jet  strength  was 
increased  to  -  0.5  with  the  jet  deflected  downward  at  60°  and  located 
at  x/c  =  0.9800,  y/c  =  -0.0376,  the  pressure  distribution  changed  to  that 
shown  on  I'igure  14  with  =  5.67.  When  was  reduced  to  0  bvit  with 
the  rear  stagnation  point  retained  at  x/c  =  0.9800,  C^,  was  reduced  to 
2.88.  This  shows  the  striking  difference  that  the  jet  flap  effect  makes  on 
the  pressure  distribution.  As  discussed  in  Section  2,  at  high  lift  condi¬ 
tions  there  are  adverse  pressure  gradients  on  the  upper  surface.  The 


gradients  shown  for  the  forward  part  of  the  airfoil  on  Figure  14  have  been 
checked  against  the  Stratford  separation  criterion^ and  the  boundary 
layers  are  not  close  to  separation.  It  is  expected  that  the  greater  pres¬ 
sure  rise  at  the  rear  for  =  0.50  will  be  handled  adequately  by  the 
greater  C^. 

In  spite  of  the  recent  development  of  powerful  methods  for  the  cal¬ 
culation  of  both  the  viscous  and  the  inviscid  portions  of  the  airfoil  flow 
fields  19,20,28,30  thegg  meinods  are  not  really  adequate  to 

predict  the  mixing  of  the  Power  Profile  wall  jets,  boundary  layers,  the 
jet  merging  region,  and  the  jet  downstream  of  the  trailing  edge.  Al¬ 
though  the  general  features  of  the  flow  field  are  known  from  elementary 
principles,  impo'‘tant  details  such  as  mixing  and  entrainment  cannot  be 
adequately  calculated.  The  details  of  the  flow  field  involve  turbulence 
processes  which  are  not  fully  understood.  Hence,  the  only  way  of 
determining  the  overall  characteristics  of  such  flow  fields  with  accuracy 
is  through  experimental  work. 

Cont  r  ol  Surface  Travel.  Figure  15  illustrates  a  simple  mechanical 
method  for  rotating  the  control  aurface  given  in  Figure  13.  In  order  to 
control  the  strengths  and  thicknesses  t^  and  t^  of  the  two  jets,  it  is 
desirable  from  an  inertia  point  of  view  and  also  from  a  jet-nozzle  shap¬ 
ing  point  of  view  to  have  point  A  of  the  surface  travel  along  the  line  BC, 
which  is  approximately  perpendicular  to  the  jet  stream.  At  the  same  time, 
like  reasoning  makes  it  desirable  for  point  D  to  travel  along  the  lineEF. 
Thus  tu  is  equal  to  AC  and  t^  is  equal  to  DF. 

To  accomplish  this,  an  obvious  solution  is  to  pivot  the  entire  surface 
about  point  G,  to  the  right,  which  was  determined  by  the  requirements 
that  AG  be  perpendicular  to  BC  and  that  DG  be  perpendicular  to  EF.  This 
makes  good  mechanical  sense,  but  is  poor  aerodynamically.  A  better 
aerodynamic  choice  for  a  surface  pivot  point  would  be  H  or  1;  then  the 
mechanical  supports  would  not  appreciably  interfer  with  the  aerodynamics. 
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However,  H  and  I  are  both  very  poor  mechanical  choices  because  such 
centers  would  not  move  point  A  along  or  even  dose  to  BC,  nor  would 
point  D  move  along  EF.  A  solution  to  this  problem  is  to  use  links  JK 
and  LM,  fixed  but  free  to  rotate  about  points  J  and  L  and  attached  to 
but  free  to  rotate  on  the  control  surface  at  points  K  and  M.  Thus  points 
K  and  M  will  move  in  circular  arcs  about  J  and  L,  respectively.  Since 
the  extensions  of  lines  JK  and  LM  intersect  at  G,  the  effective  center 
for  small  control  surface  rotations  is  point  G.  Points  A  and  D  will 
deviate  only  a  very  small  amount  from  the  lines  BC  and  EF,  and  the 
links  JK  and  LM  are  away  from  critical  flow  regions.  Thus,  JKML 
is  a  four -bar  linkage  which  constrains  the  surface  motion  appropriately. 

Mechanical  actuation  of  the  control  surface  can  be  accomplished 
through  an  actuator  attached  to  any  point  such  as  N  which  is  not  close 
to  G.  The  surface  at  full  deflection  is  shown  in  Figure  15  by  the  dotted 
lines. 

Another  method  of  constraining  the  surface  motion  would  be  to  use 
tracks , 

For  experimental  purposes  it  is  useful  to  be  able  to  vary  the  sum 
of  the  two  nozzle  widths,  (t^^  +  t^).  This  can  be  done  by  building  several 
different  control  surfaces.  A  better  method  might  be  to  build  only  one 
surface  having  a  split  along  the  line  OP.  Then  various  shims  could  be 
placed  along  OP,  which  would  result  in  new  values  of  (t^  +  t^). 

Wall  Jet  Calculations.  As  shown  in  Figure  13,  the  jet  flow  over  the 
control  surface  and  downstream  of  the  jet  nozzles  has  a  steep  adverse 
pressure  gradient  which,  except  for  the  action  of  the  jet,  would  lead  to 
boundary  layer  separation.  In  order  to  study  this  problem  further,  the 
integral  method  of  Gartshore  and  Newman  has  been  used  to  calcu¬ 
late  some  sample  wall-jet  and  boundary-layer  interactions,  as  shown  on 
Figures  16  and  17.  In  both  cases  shown  on  the  figures,  the  jet  velocity 
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Uj  is  assumed  to  be  2U^,  and  the  boundary  layer  edge  velocity  Ug  is 
assumed  to  go  from  1.3Ug^  linearly  to  zero  in  a  distance  of  0.05  chord 
length,  which  is  about  equal  to  the  distance  from  the  Power  Profile  jet 
exit  to  the  rear  stagnation  point.  In  both  cases  the  boundary  layer  before 
jet  mixing  is  assumed  to  have  a  thickness  of  2.0  percent  chord,  and  the 
profile  is  of  the  1/7  power  type.  Here  it  is  noted  that  the  Gartshore 
Newman  method  neglects  to  account  for  any  pressure  gradients  normal 
to  the  wall. 

The  only  difference  between  Case  1  and  Case  2  is  that  the  nozzle 
width  tu  is  only  0.0015  chord  in  Case  1  as  compared  to  0.0030  chord  in 
Case  2.  According  to  the  table,  for  Case  1  the  jet  momentum  excess 
thickness,  defined  by 

(Si) 

is  smaller  than  dg  ^  ,  the  boundary  momentum  thickness  at  x  =  0,  just 
before  mixing  with  the  jet.  On  the  other  hand,  Figure  17  shows  for  Case  2 
that  Oj  >  L  • 

The  Gartshore-Newman  method  assumes  that  the  jet  and  the 
boundary  layer  mix  instantly  at  x  =  0  and  that  thereafter  the  combined 
velocity  profile  u(y)  is  given  by  relations  in  the  form 


where  k  =  log_  2.  Hence,  y _  is  the  thickness  from  the  wall  to  the 

e  'm 

maximum  velocity  U^.  is  the  distance  from  to  y  =  y2  where 

u  is  half  way  between  Ug.  That  is, 

>^2  =  ^m  ^o 
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This  form  of  velocity  profile  is  illustrated  in  Figure  16. 

The  form  of  the  velocity  profile  at  x  =  0  and  for  dj  ^  is 

determined  by  setting  y^^  =  t^j/3  and  n  =  1/11  or  1/7  depending  on  whether 
Uj  is  greater  than  or  less  than  2Ug,  respectively.  Then  momentum  and 
continuity  relations  are  used  to  determine  and  L^.  If  it  turns  out  that 
this  gives  >  Uj,  is  set  equal  to  Uj  and  is  determined  by  the 
moment:xm  relation.  For  cases  such  as  Case  1  where  Oj  <  l  >  ^o 
taken  to  be  zero  and  so  that  only  equation  5  is  required  to  deter¬ 

mine  u.  Then  n  =  1/7  and  y^  is  determined  by  the  momentum  relation, 
72 

which  is  just  y^^  =  -tp  g  -  Oj).  As  stated  by  Gartshore  and  Newman, 

such  a  simple  velocity  profile  becomes  increasingly  suspect  as  dg  /dj 
increases  above  unity. 

For  X  >  0,  integral  relations  are  used  to  determine  the  profile 
parameters  y^,  L^,  and  n.  Boundary  layer  separation  has  been 

correlated  with  n  as  occurring  whenever  n  reaches  0.50. 

Figure  17  shows  dramatic  differences  between  Case  1  and  Case  2. 
Case  1  results  in  a  boundary  layer  separation  at  x/c  =  0,012.  Case  2 
does  not  separate  even  though  it  is  calculated  to  x/c  =  0.05,  where  =  0. 
The  thickness  parameters  y2  and  y^^  are  much  larger  in  Case  1  than  in 
Case  2.  Hence,  we  .see  that  the  wall  jet  results  depend  markedly  on  the 
parameter  6j/^g  L  •  reason,  and  because  the  calculations  do 

not  account  for  naany  factors,  experiments  are  needed  to  determine  the 
minimum  values  of  Oj/^q  L  needed  to  avoid  separation  on  Power  Profile 
shapes.  Yet  this  rough  calculation  indicates  that  moderate  values  of  C^ 
will  prevent  separation. 

Although  the  method  of  Gartshore  and  Newman  appears  to  be  as  valid 
as  any  presently-available  method,  it  does  not  provide  answers  to  all  the 
complex  flow  phenomena  of  concern  in  Power  Profile  design  and  analysis. 
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One  would  like  to  account  for  the  pressure  gradient  normal  to  the  wall, 
and  to  gain  a  better  understanding  of  the  mixing  region  between  the  jet 
and  the  boundary  layer.  Because  these  questions  and  many  others  can 
be  raised  about  the  applicability  of  wall  jet  calculations,  experimental 
results  are  needed  for  full  development  of  Power  Profile  configurations. 

Power  Profile  Performance.  In  the  above  wall-jet  discussion,  the 
parameter  0j/^g  L  central  importance  in  avoiding  separation, 

which  is  essential  to  satisfactory  performance.  In  this  discussion  we 
will  see  now  how  this  parameter  plays  a  role  in  Power  Profile  design 
for  both  cruise  and  high-lift  conditions. 

For  the  shape  shown  in  Figures  12,  13,  and  15  the  superstream 
velocity  ratios  and  on  the  lower  and  supper  surfaces,  respectively, 
are  1.100  and  1.308  as  shown  in  Table  II  below.  For  Re^  equal  to  about 

TABLE  :i 

Power  Profile  Jet  Performance  Parameters  at  Cruise,  =  0*5 


Parameter 

Case  A 

Case  B 

l.lOO 

1.100 

1.308 

1.308 

O.OOZO 

0.0020 

0.0020 

C.0020 

0.0026 

0.0026 

0.0026 

0.0026 

1.50 

2.00 

1.57 

2.05 

1.72 

2.17 

tf/c 

0.0043 

0.0016 

tjc 

0.0063 

0.0024 

Cnjf 

0.020 

0.013 

Cfi 

^u 

0.033 

0.021 

S  = 

0.053 

0.034 

S' 

0.021 

0.018 
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3  X  10^,  the  ratio  0^  ^  /c  will  be  about  O.OOZO  on  both  the  upper  and 
lower  surfaces.  Suppose  that  such  a  boundary  layer  requires  that  the  jets 
each  have  a  Oj/c  equal  to  0.0026  to  avoid  separation.  This  requirement 
then  will  determine  the  blowing  required  to  avoid  separation. 

For  good  propulsive  efficiency  in  cruise  the  ratio  should  be 

on  the  order  of  1.50  to  2.00  where  Uj^  is  defined  as  the  speed  that  the 
jet  would  obtain  if  it  were  expanded  isentropically  form  the  jet  plenum 
pressure  to  the  free  stream  pressure  p^. 

Thus,  in  the  incompressible  approximation,  the  jet  plenum  pressure 
ia  p  +  q  (Ut  /U  )^,  where  q  is  the  free-stream  dynamic  pressure. 

If  we  take  =  1.50,  as  in  Case  A  in  Table  II,  then  the  (Uj/U^) 

for  the  upper  and  lower  surfaces  are  determined  as  given  in  the  table. 

Then  t^/c  and  t^/c  must  be  0,0043  and  0.0063  respectively,  so  as  to 
avoid  separation.  These  parameters  determine  and  as  shown. 

Thus,  C.,  =  0.053  to  avoid  separation  for  Ut  /U  =  1.50  and  the  assumed 
values  of  dj. 

In  Case  B,  where  Uj  /U  =  2.00,  C,.  needs  to  be  only  0.034  to  avoid 

OO  OO 

separation.  Thus,  the  selection  of  Ut  /U  determines  both  the  slot 

oo  oo 

widths,  t£  and  t^,  and  C^.  However,  C^  ,  defined  by  equation  3,  is 
about  the  same  for  both  cases. 

The  above  cases  were  calculated  using  incompressible  flow  relations. 
For  an  aircraft  at  high  subsonic  cruise  or  greater  speeds,  compressibility 
corrections  must  be  made,  and  the  flow  analysis  is  much  more  complex. 
Compressible  phenomena  will  be  important  for  the  design  to  specific 
values  of  parameters  such  as  Uj^/U^. 

The  parameters  in  Table  II  arc  expected  to  bo  conservati/e;  perhaps 
6j  need  be  only  0.0020  or  less  in  order  to  avoid  separation.  Then  the 
required  t^  ,  t^,  and  will  be  smaller.  This  shows  the  importance  of 
and  experimental  program  to  establish  such  operating  parameters. 
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These  parameters  also  affect  the  operation  of  the  Power  Profile  at 
high  lift  conditions,  as  shown  below  in  Table  III.  For  this  table,  the 


TABLE  III 

Power  Profile  Jet  Performance  Parameters  at  High  Lift,  Cl  =6.0 


Parameter 

t^/c 

tjc 


Case  A 

Case  B 

0 

0 

0.0106 

0.0040 

0 

0 

0.25 

0.25 

4.14 

6.00 

lower  jets  are  closed,  so  that  t/  =  0,  and  t^  is  opened  up  so  that  it  is 
equal  to  the  sum  (t^  +  t^)  given  in  Table  li.  Then,  assuming  that  = 
0.25  will  given  Cl  =  6.G.  we  find  the  values  of  (Uj/U^)  required.  Thus 
the  plenum  pressure  must  be  adjusted  to  attain  these  values  of  Uj;  how¬ 
ever,  the  plenum  pressure  may  not  be  any  larger  than  required  for 
Table  II,  since  Uqo  at  Cl=  6.0  will  be  much  smaller  than  that  at  Cl  = 
0.50  or  cruise  conditions. 


The  above  was  based  on  =  0.25,  since  0.25  is  close  to  Williams 
experimental  value^  of  0.23  for  a  like  value  of  Cl.  a®  discussed  in 
Section  5.  The  actual  values  of  C^  required  to  obtain  large  values  of  lift 
coefficient  need  to  be  checked  experimentally  before  many  further  appli¬ 
cations  of  Power  Profile  performance  can  be  established. 


Drag  at  Cruise  Conditions.  Very  little  has  been  said  about  drag 
because  of  the  implicit  assumption  that  drag  will  be  lew  if  separation  is 
avoided.  Because  of  the  integrated  nature  of  the  Power  Profile  drag  and 
propulsive  systems,  the  drag  cannot  be  separated  from  its  effect  on  pro¬ 
pulsive  efficiency.  This  is  a  conaplex  subject,  as  Stratford  '  has  pointed 
out,  but  overall  gains  are  expected'^’6.  Because  of  the  complexity  of  this 
subject,  experimental  programs  are  needed  to  fully  assess  this  potential 
for  drag  savings  and  propulsive  benefits. 
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7.  CONCLUDING  STATEMENTS 


A  review  has  been  made  of  the  literature  and  methods  applicable  to 
the  Power  Profile  concept.  Both  theoretical  methods  and  experimental 
data  on  circulation-controlled  airfoils  have  been  included.  The  experi¬ 
mental  data  has  served  as  a  guide  to  the  fact  that  Cj^  values  in  the 
neighborhood  of  6.0  are  attainable  for  values  of  Cfx  near  0.25.  This 
assumed  that  the  airfoil  has  a  thickness  ratio  of  0.20  or  somewhat  larger. 
With  this  in  mind  an  airfoil  shape  with  a  thickness  ratio  of  0.225  has  been 
designed  using  the  theoretical  design  method  of  James  The  James 
method  was  used  to  give  the  airfoil  a  constant  pressure  shape  over  most 

of  the  upper  and  lower  surfaces  for  a  cruise  Cl  of  0.5.  The  potential 

1 5 

flow  method  of  Hess  and  Smith  was  used  as  an  aid  to  designing  the  aft 
portion  of  the  airfoil,  and  the  Gar tshore -Newman  method^  was  used  to 
obtain  a  very  rough  and  probably  conservative  estimate  of  the  jet  power 
required  to  avoid  separation. 

It  is  concluded  that  this  airfoil  shape,  as  shown  in  Figures  12,  13,  and 
15,  should  be  tunnel  tested  to  determine  the  overall  level  of  airfoil  perfor¬ 
mance.  Of  special  interest  is  the  amount  of  jet  momentum  required  to 
avoid  separation  under  cruise  conditions,  and  the  effect  of  the  integration 
of  the  airfoil  and  propulsive  systems  in  minimizing  drag  for  a  given  power 
input.  The  second  area  of  interest  is  in  how  much  jet  momentum  is  re¬ 
quired  to  produce  Cl  values  in  the  neighborhood  of  6.0,  and  in  the  sensi¬ 
tivity  of  Cl  to  control  surface  deflections.  Because  of  the  complexity  of 
the  jet,  boundary  layer,  and  potential  flow  interactions,  no  presently  avail¬ 
able  theoretical  methods  are  adequate  to  predict  Power  Profile  performance 
completely,  and  hence  an  experimental  program  is  required. 

Assuming  that  subsonic  tests  are  promising,  one  would  need  transonic 
testing  to  evaluate  the  unique  characteristics  of  the  concept  at  transonic 
speeds.  This  might  be  done  using  an  airfoil  having  a  thickness  ratio  of, 
say,  0.14.  One  should  then  investigate  as  to  what  extent  the  Power  Profile 
concept  might  improve  critical  Mach  number  and  delay  the  transonic  drag 
and  buffeting  as  compared  to  a  conventional  transonic  section  having  the 
lame  thickness  ratio. 
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inroii.  EXPCniMEMTAL  CONDITIONS  AND  COMMENTS 
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Figure  2.  Sketch  of  the  flow  field  near  the  trailing 
edge  of  a  Power  Profile. 
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Figure  7.  Maximum  superstream  velocity  versus  maximum  thickness 
for  various  families  of  airfoils  and  two-dimensional  .■shapes 
Dotted  lines  apply  to  example  given  on  page  10. 
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Figure  9.  Comparison  of  a  Whitcont  airfoil  and  a  Power  Profile 
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Figure  10.  Two  airfoil  shapes  and  their  pressure  distributions  as 

generated  by  the  James  design  (inverse)  method  for  Ot  ■  -  0 
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Figure  12.  Final  airfoil  shape  as  generated  by 
the  James  design  method,  a  =  0® 


Figure  13.  Final  shape  for  Power  Profile  airfoil  and  one  control  surfa 
with  enlarged  view  of  the  trailing  edge  region  showing  the 
pressure  distribiition  calculated  by  the  Douglas  Neumann 
inviscid  program,  Q  =  0°,  Ct  =  0.58. 
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